Abstract. This paper presents a process chain for in-line integration of microfluidic interconnection elements by a variant of micro-injection moulding (μIM). A SEBS-based thermoplastic elastomer (TPE) was moulded over polymethylmethacrylate (PMMA) to produce a hybrid microfluidic structure with aspect ratio of 2. The process chain implemented micromilling for fabricating micro-structured tool inserts, and μIM and micro-overmoulding was used for replication. A two-plate mould was used for moulding the substrate, whilst a three-plate mould with a replaceable insert was used for TPE overmoulding. The presented application was an interconnect system for a microfluidic device, which enabled direct fitting of standard tubes into microfluidic substrates. A leakage test showed that the interconnection was leak-proof within a range of flow rates between 0.32 and 0.62 ml/min.
A developing variant of μIM is micro-assembly injection moulding (μAIM), which is a process that allows for the assembly of hybrid micro-structures [3] . Similar to conventional moulding, μAIM combines different processing aspects, such as movable elements, hard/soft combinations and hollow structures [4] . The process can involve a combination of different polymers or polymers with other materials [5, 6] .
Combining polymers with elastomers is a well established process in conventional, macro-scale injection moulding, where the mechanical properties of elastomers (e.g. low tensile strength, high elongation at break and range of hardness values) make them suitable for applications such as gripping elements, gaskets, insulations and part aesthetics.
Unlike the case with macro-scale moulding, very little is available in the literature about μIM of elastomers. A single experiment has been reported were thermoplastic polyurethanes were micromoulded as non-hybrid into high-aspect ratio structures [7] . In another paper, TPE was used for packaging an injection-moulded microfluidic device [8] . Here, a TPE foil was welded to Polypropylene (PP) substrates by post-processing. In these two cases, TPE was either micromoulded alone or assembled by post processing, but no prior work exists where micro-overmoulding was done with a TPE.
The presented process chain involves the use of a 3-plate mould for overmoulding. Micromoulding by a 3-plate mould has been reported in one experiment [9, 10] to fabricate a polyoxymethylene (POM) micro-gear and a polycarbonate (PC) lens array. The micro-gear mould had a gate diameter of 0.6 mm, whilst the lens component had a gate diameter of 0.3 mm. No prior work exists where 3-plate moulds with replaceable inserts where used for micro-over moulding.
This paper assesses the feasibility of a process chain for integrating functional structural elements in μIM using a thermoplastic elastomer. A micro-overmoulding process was used to micromould a TPE over a PMMA substrate using a 3-plate mould with replaceable inserts. The case study used to assess the process chain regards an interconnection system for attaching tubes into a 3-D microfluidic system.
Interconnection systems are usually produced by post-processing techniques, such as using adhesives or commercially available, usually expensive, ports. The selected case study is an example of how direct integration within micromoulding could decrease the time and cost of post-processing step, which can sometimes make up to 80% of the device manufacturing cost [11] . A review is available in the literature about current integration methods of interconnection elements by highvolume polymer replication methods [2] .
Experiments

Case study
The case study presented in this paper is a building block in a laminated 3-D microfluidic device for blood/plasma separation. It consists of a substrate that has two outlets, one for a cell-rich phase and the other for the plasma-rich phase. A detailed description of the device functionality is available in the literature [12] .
The original substrate was designed such that tubes are interconnected into outlets by adhesives in post-processing steps. A modified design, presented here, integrates an interconnection element by μIM, into which tubes would be directly press-fitted. Figure 1 shows a schematic representation of the original and modified designs. 
Part design
The interconnection element was fabricated by micro-overmoulding, where TPE was moulded over a substrate made of PMMA. Figure 2 shows a half cross-section of the sample. The substrate had outer dimensions of 10 mm in diameter and 1 mm in thickness. One interconnect port is fully cylindrical along the diameter of the TPE element, whilst the other port is partially cylindrical along half the diameter. This was done to avoid interference between the mould cavity of partiallycylindrical port with the gate cavity which is adjacent to the port. Figure 8 , which shows the mould of the TPE component, illustrates that the partial cylindrical groove that corresponds to one of the TPE flanges will intersect with the gate opening if the grove is machined as a fully circular cylinder. 
Mould design
The moulding process took place in two stages, the first of which was the moulding of the PMMA substrate, whilst the second was the overmoulding of the TPE interconnection element. The first stage was done with a 2-plate mould, while the second stage was done with a 3-plate mould as detailed in the following sections.
Substrate mould design.
The substrate mould consisted of a reconfigurable system, where micro-features were micro-milled in an aluminium insert, whilst the mould body was made of steel.
This allowed for more flexibility in mould design and reduced micro-milling time and cost. The other side of the 2-plate mould was a flat steel plate. Figure 4 shows a diagram of the insert and figure 5 shows an SEM image of the micro-milled insert.
The micromilling sequence consisted of a roughening and finishing steps. Cutting tools of different diameters were used, the least of which was 100 μm. All cutting tools were tungsten-carbide, flat-end milling cutters. 
TPE mould design.
The overmoulding design was relatively more complex in that the substrate and required features on both sides of the parting surface. A 3-plate mould with a replaceable insert was therefore implemented, where the PMMA substrate was positioned on the moving half of the mould, whilst the overmoulding took place on the middle (third) plate. The mould was designed with two cavities. Figure 6 presents a schematic diagram of the system, where, due to size limitations, only the reconfigurable parts are shown without the surrounding mould body (ejector pins were eliminated from the figure for simplicity).
Moving plate Middle (third) plate In figure 6 , two parting lines define the 3 plates of the mould, namely a moving plate, a fixed plate and a middle, third plate. All parts were made from hardened tool steel except for the replaceable aluminium inserts. The third and moving plates were both two-cavity moulds.
The third plate was also designed with a replaceable steel insert, where features were produced by micro-milling. Due to the required geometry of the interconnection system, two cores were required for each part to form the cylindrical cavities, where interconnection tubes would be fitted into the port. As shown in figure 6 , the four cores protruded beyond parting line 1 into the PMMA substrate. The standard steel inserts of the third plate had a thickness that made them flush with the parting surface (parting line 1). Therefore, the insert was redesigned into two halves, where the front half is thicker than the rest of the third plate, allowing for the milling of the protruding cores, as shown in the figure. 
Micromoulding of hybrid components
The micro-moulding process was undertaken as two stages. The first was the moulding of the PMMA substrates, and the second was the overmoulding of TPE to form the interconnection element.
A high-flow PMMA grade was used in this experiment (VS-UVT from Altuglas). The TPE was a Styrene-Ethylene-Butylene-Styrene (SEBS) copolymer. The grade used (MEGOL SV/P from API) was selected for its adhesion compatibility with polar polymers, such as PMMA. This particular TPE grade has a tensile strength of 0.015 GPa and elongation at break of 450%. The micro-injection moulding machine was a Battenfeld Microsystems 50 and the micromilling machine was a KERN Evo. The following sections present the two stages of the process. Table 1 shows the process conditions for the two stages: polymer-melt temperature (T p ), mould temperature (T m ), injection speed (V i ), holding pressure (P h ) and cooling time (t c ). 
μm
The cycle times for μIM of PMMA and micro-overmoulding of the TPE were approximately 5 and 12 seconds, respectively. Figure 9 shows an SEM image of the replicated PMMA substrate. 
Results
μm
As a preliminary leakage test, the hybrid component was joined to a PMMA substrate with a single microfluidic channel. The system was tested with water-diluted ink at a number of flow rates starting with 0.32 ml/min (the flow rate at which plasma separation takes place with diluted blood) up to double this value. The corresponding pressure at maximum flow rate was measured using a digital pressure transducer and was approximately 300 mbar, where no leakage was observed. Some leaked droplets started to appear between the tube and the port at a flow rate of approximately 1.2 ml/min and pressure value of approximately 450 mbar.
The leakage was inspected visually using a magnifying device, where a coloured fluid was used to detect possible leakage. The tubes used were standard 1/16" tubes (approximately 1.6 mm outer diameter and 700 μm inner diameters). Tubes were manually press-fitted into the rubbery ports, and no leakage was observed in the selected flow rate range. Figure 12 shows the testing setup. 
Discussion
This paper presented a novel process chain for functional integration in μIM. The approach was based on micro-overmoulding of TPE using a 3-plate mould with a replaceable insert. The approach used depended on developing a hybrid structure that benefited from different polymer properties.
PMMA was used as a low-shrinkage, rigid and transparent polymer for the microfluidic substrate, whilst TPE was used as a low-tensile-modulus polymer for interconnect fittings. The low tensile modulus gave the polymer the rubbery performance that enabled the ports to mechanically grip the tubes without the need of extra adhesive. This rubbery grip made it easy to manually fit the tubes into the ports and, at the same time, prevented leakage from the ports. The process chain involved two
Input
Output PMMA TPE main steps: mould manufacturing and replication, where the latter was done through two moulding stages.
Mould microfabrication
Concerning mould manufacturing, micro-milling was used to machine the features of the reconfigurable moulds: 2-plate and 3-plate moulds. For the 2-plate mould, figures 5, 7 and 8 showed that micromilling was suitable for producing the required features within specified tolerances using roughening and subsequent finishing stages. The micro-milling process used Tungsten-carbide cutters with diameters down to 100 μm.
However, the figures also show some of the micro-milling limitations, such as irregular surface finishes and burrs, for example figure 5. Burrs can sometimes be reduced, although not completely eliminated, by controlling the cutting parameters during the finishing stage in micromilling. Another approach is to remove burrs by post processing using, for example, ultrasonic wet peening [13] . In this particular experiment, no post processing was used to remove burrs, since their existence did not affect the application of the device.
In addition to burrs, micro-milling cutters have limitations in terms of their cutting length relative to their diameter. Bespoke cutters with extended cutting lengths were used to machine some features to the required depth.
When it comes to mould life expectancy, many factors affect the number of parts that can be produced before the feature-carrying insert needs to be replaced. In injection moulding, the mould life cycle depends on different parameters, including mould material, number of cavities, treatment of cavity surfaces, type of gate used and dimensional tolerances. Other factors are related to processing conditions, such as machine size and applied pressures and temperatures. The polymeric material itself affects the mould life cycle as some materials, especially glass-reinforced grades, have inherent abrasiveness. In conventional injection moulding, a typical mould life cycle would be in the order of magnitude of 10 5 cycles. For micro-injection moulding, where requirements for reproducibility and tolerances are relatively stringent, the mould life cycle would expectedly be of fewer cycles, depending on the factors mentioned above.
Replication by μIM
With regard to replicating the PMMA substrate, figures 9 showed a complete replication of all the substrate features, including the channels that had an aspect ratio of 2. A weld-line could also be observed along the centreline of the features.
Concerning the micromoulding of TPE, figure 10 shows that TPE completely filled the cavities around the cores, leaving the required space for tubes to be fitted as shown in figure 11 . This shows the feasibility of using TPEs in micromolding of relatively high-aspect ratio applications.
Filling high aspect ratios by μIM is usually affected by the material properties, the geometric configuration (e.g. gate location) and the process conditions [14] . With regard to material properties, it is recommended to select polymers with high melt-flow index (MFI) so that the polymer melt can easily flow into micro-sized cavities. The used TPE had an MFI of 3, which is relatively low, because most available elastomer grades had relatively low MFI.
With regard to geometric configuration, the design of the mould and the scale of the features did not allow for alternative locations for the gate other than the place shown in figure 8 . The remaining method to fill the high-aspect-ratio features was to control the process conditions. Previous work showed that increasing melt temperature and injection speed improves filling mould cavities in μIM for different polymers [14] [15] [16] . In this experiment, as shown in table 1 In addition to mould positioning, two areas of improvement would be useful to achieve a well established process. Firstly, the runner system should be redesigned to decrease its volume relative to the parts. Figure 13 shows the relative size of the runner system with respect to the replicated parts.
This is a typical challenge in μIM, where runners consume a large volume fraction of processed material per shot. Another alternative would be to increase the number of cavities in the mould to produce more parts per shot. 
Conclusion
This paper presented a process chain for integrating functional elements by microovermoulding. A hybrid structure was produced by micro-moulding TPE over PMMA to produce integrated interconnection ports. The process chain was based on using micromilling for producing micro-structured replaceable moulds, followed by replication with μIM. A 2-plate mould was used for producing the PMMA substrate using a reconfigurable aluminium insert. A 3-plate mould with a replaceable insert was used to mould TPE over the PMMA substrate. The required cavities (AR of 2.6) for tube fittings were successfully produced. A shift of about 200 μm was detected due to mouldhalves misalignment. This did not affect the functionality of the system since it was within acceptable tolerance. A leakage test showed that the system was leak-proof within a range of flow rates between 0.32 and 0.62 ml/min.
